For low-temperature solution-processed perovskite solar cells, ZnO as an electron transport layer (ETL) has been studied instead of TiO 2 requiring high sintering temperature. However reports have been scarce about successful fabrication of perovskite solar cells based on the solution-processed ZnO ETL under atmospheric air. In this study, we found a possible mechanism to cause poor performance of the perovskite solar cells, which can be ascribed to chemical reactions between the methylammonium iodide (MAI) of the perovskite precursor (MAPbI 3 ) solution and the ZnO film under humid conditions. The MAI solution could etch out ZnO ETL and promote serious carrier recombination if processed in air, whereas there was no such reaction for processing in a glovebox (H 2 O < 0.1 ppm). In order to suppress the reactions in air-ambient, we applied a simple and novel dynamic spin-coating process, dripping the perovskite precursor solution on ZnO during the spin-coating process, followed by an anti-solvent washing treatment. Using this approach, for the first time, the interfacial reaction of ZnO/MAPbI 3 was significantly suppressed and thus a power conversion efficiency of the perovskite solar cells fullyprocessed in air-ambient was enhanced from 0% to 11.2%. These experimental results pave the way for the development of perovskite solar cells under low-temperature processing in air-ambient.
Introduction
Perovskite (PRV) solar cells have recently reached over 20.0% of power conversion efficiency (PCE), 1,2 while the world record is 22.1%. 3 The advantage of perovskite materials is their solution process capability. An efficient perovskite solar cell consists of cathode/ETL/perovskite/HTL/anode, where ETL is the electron transport layer and HTL is the hole transport layer. The HTL and ETL not only extract the hole and electron currents, but also prevent the perovskite layer from direct contact with the electrodes to reduce charge recombination photocurrent. For the electron transport materials, many robust and stable metal oxide based ETLs have been involved in perovskite solar cells, such as titanium dioxide (TiO 2 ), 3, 4 tungsten oxide (WO X ), 5 and zinc oxide (ZnO). 6, 7 Among the metal oxides, TiO 2 has been popular as ETL. 2, 8 However, TiO 2 ETL needs a high sintering temperature treatment at 450-500 C to be sufficiently conductive. 9 Such a high temperature also would not be suitable for the commercial application of perovskite solar cells. 10 Recently, solution-processed ETL of ZnO with lowtemperature thermal treatment has been applied in the development of perovskite solar cells. 6, 7, 11 ZnO ETL could be processed at low temperature with efficient electron transport property, and be an excellent candidate to replace the TiO 2 ETL used in perovskite solar cells. 12 The solution-processed ZnO ETLs in the perovskite solar cells are similar to those in organic photovoltaic cells, with sol-gel ZnO solution, 13 or ZnO nanoparticle solution.
14 Several ZnO nanoparticles (NPs) have been used in the perovskite solar cells, which are usually synthesized by complex procedures that include long reaction time, precipitation, washing, and dilution processes. 7, 15 In contrast, sol-gel processed ZnO ETL has the advantages of simple synthesis, long-term stability, and low-temperature process. 16 One of the typical perovskite solar cells is designed by spincoating a CH 3 NH 3 PbI 3 precursor solution onto a ETL, followed by thermal treatment at about 100 C, and subsequent deposition of HTLs. 17, 18 In order to introduce low-temperature solution-processed ZnO ETL into perovskite solar cells, both a one-step spin-coating and a two-step procedure for perovskite layer have been studied.
Unfortunately, the solution-processed ZnO surface is rich in hydroxyl groups and/or residual acetate ligands, which could lead to decomposition of the perovskite lm into methylamine and PbI 2 .
14, 15 In the one-step spin-coating procedure, Reddy et al. fabricated some efficient ZnO-based perovskite solar cells in a glovebox. 19 And Zuo et al. enhanced the PCE of the ZnO-based perovskite solar cells by interfacial engineering. 13 But attempts to deposit perovskite lms directly on the ZnO surface by a one-step spin-coating process under ambient air have met with failure. 6 There might be some interface issues between the ZnO and perovskite materials. However, for the deposition of perovskite lms onto these ZnO layers, the two-step deposition method worked; [20] [21] [22] [23] spin-coated PbI 2 thin lms were immersed in a solution of CH 3 NH 3 I (MAI), converting them to the perovskite. Nevertheless, the one-step method recently becomes very popular way to fabricate the high performance perovskite solar cells, because it is very easy to get efficient perovskite lm via one-step method by solvents engineering, solvent treatment, or perovskite material engineering.
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For the one-step spin-coated perovskite lm under ambient air, the interface issue of perovskite lms and the ZnO lms should either be avoided or controlled at a low level. In the study, we systematically conrmed that MAI solution in perovskite precursor solution reacts with the underlying ZnO, which results in an etching effect on the ZnO. Then, the perovskite layer could directly contact the ITO electrode, which causes a severe charge recombination. We developed a simple and novel dynamic spin-coating process to improve the interface of perovskite absorber and the ZnO ETL under ambient air, which contributed to successful operation of the perovskite solar cells.
Experimental section

Materials
Methylammonium iodide (MAI, 99.99%, LT-S9126) was purchased from Luminescence Technology Corp., PbI 2 (99%) from Sigma Aldrich, and poly(3-hexylthiophene) (P3HT) from Rieke Metals. The indium tin oxide (ITO) coated glass was supplied by Fine Chemicals (South Korea) (15 U per square sheet resistance, and 0.7 mm thickness). Anhydrous chlorobenzene (CB, 99.9%), dimethylformamide (DFM, ACS reagent $ 99.8%), and dimethyl sulfoxide (DMSO, $99.9%) were from Sigma Aldrich. Gold (Au) was from Vacuum Thin Film Materials Co. (South Korea). Zinc acetate dihydrate (99.999%), monoethanolamine (MEA, ACS reagent, 99.0%), and 2-methoxyethanol (2-ME, anhydrous, 99.8%) were from Sigma Aldrich. The vapor pressures of the solvents, the decomposition temperature, and the melting points of solid materials come from safety data sheets of Sigma Aldrich. and 61.0 ml monoethanolamine in 2 ml 2-methoxyethanol was stirred at room temperature overnight.
Solutions for the perovskite solar cells
Perovskite solar cells fabrication
The ITO substrates were ultra-sonicated for 15 min in deionized water, followed by acetone, and then isopropyl alcohol (IPA). All the cleaned ITO substrates were dried in an oven at 75 C for 30 min, and then kept overnight. The ZnO 0.5 M precursor solution aer ltering was spin-coated on the ITO substrates at 4000 rpm for 40 s. The wet ZnO lms were annealed at 160 C in the oven for 10 min. 50 nm dense ZnO lms were obtained. The spin coating of 50 wt% perovskite solution ltered with PVDF lter was carried out in a special dynamic mode. The dynamic spin-coating process was involved rst starting the substrate spinning, and allowing it to reach the desired spin speed, before the perovskite solution was dispersed onto the ZnO substrate. 35 ml of perovskite solution was dripped onto the ZnO coated substrate by the dynamic spin-coating process, and the washing treatment with CB of 200 ml was carried out by pipette tips during the rotation of perovskite coating, 5 s aer starting the dripping of perovskite solution. All the wet light red perovskite lms were annealed at 90 C, for 60 min. 50 ml P3HT solution, 15 mg ml À1 in CB, was spin-coated on the perovskite lm at 2000 rpm for 25 s. Finally, Au electrode was deposited by thermal evaporator. Aer the thermal deposition of $50 nm thick Au lm through a shadow mask, the devices were nished for measurement. All fabrication processes were carried out in ambient air. The active area of each device was 0.1 cm 2 .
Device characterization
The current density-voltage (J-V) characterization of the devices was measured by J-V curve tracer (Eko MP-160) and solar simulator (Yss-E40, Yamashita Denso) under AM 1.5G irradiation with the intensity of 100 mW cm À2 , calibrated by a Newport certied standard silicon cell. Fourier transform infrared spectra (FT-IR) were scanned with a resolution of 8 cm À1 by
Bruker IFS-66/S FTIR. Optical microscopy images were obtained using an Olympus BX51 Microscope Digital Camera. Atomic force microscopy (AFM) images were obtained with advanced scanning probe microscopes (PSIA Corp). The thicknesses of all lms were characterized by the AFM system.
Results and discussion
Fig. 1(a) and (b) show the energy level diagram and device structure of PRV devices, respectively. A general structure of ITO/ZnO/CH 3 NH 3 PbI 3 /P3HT/Au was designed. Solutionprocessed ZnO layer in the PRV cells plays a role as the electron transport layer and hole blocking layer, and the P3HT as the hole transport layer. The PRV lms were fabricated on lowtemperature solution-processed ZnO lms via a special dynamic spin-coating procedure with a one-step method. Compared with the dynamic spin-coating, a static spin-coating processed PRV lm was rst investigated on the solution-processed ZnO lm. which indicates that the hole blocking layer of ZnO does not block the charge recombination of electrons and holes. We presumed that the ZnO layer in the static spin-coated PRV cell was etched off during the spin-coating process of the PRV wet lm.
Low-temperature solution processed ZnO lm
We found some chemical reaction between the ZnO layer and PRV solution. In order to understand the reaction, the ZnO layer was carefully studied. Fig. 2 shows a sketch of the chemical equilibria in the ZnO precursor solution. The chemistry of the ZnO precursor solution has been well studied by several groups. [26] [27] [28] [29] Stirring the precursor solution overnight results in the formation of translucent solution by forced hydrolysis of zinc ion complexes, and the necessary water for the hydrolysis is supplied by the hydrated salt. Zinc ion readily forms complex ions in the aqueous amine, as shown in the 4 steps in Fig. 2 . The 4-step processes are proposed as follows:
The precursor is spin-coated onto the cleaned ITO substrates. The vapor pressures of CH 3 COOH, 2-ME, and MEA in the ZnO precursor solution respectively are 11.4, 6.17, and 0.2 mmHg, respectively, at 20 C. The acetic acid rst vaporizes out of the wet ZnO lm, which makes the hydrolysis produce more zinc hydroxide (Zn(OH) 2 ) in eqn (2). 2-ME then vaporizes out of the wet lm during the spin-coating. With thermal treatment of the wet ZnO precursor lms at 160 C, the MEA and acetic acid vaporize out of the wet lm and leave an intermediate phase of Zn(OH) 2 , and the Zn(OH) 2 lm is converted into ZnO lm, as shown in eqn (5):
Some surface groups, such as hydroxide or acetate, are on the surface or inside of the ZnO lm. The hydroxide group was characterized by X-ray photoelectron spectroscopy (XPS) by some groups. 14, 28, 29 We investigated the spin-coated ZnO lms by FTIR measurement, of which Fig. 3 come from the C-N and C-O stretching, respectively, of the residual MEA. The weak peak at 2947 cm À1 is due to the C-H stretching of acetic acid. 33 There is also small absorption at 671 cm À1 , which comes from the stretching and bending modes of Zn-hydroxide. 32 When the spin-coated ZnO wet lm was annealed at 120 C, the zinc acetate could transform into Zn(OH) 2 . Then the Zn(OH) 2 is transformed into ZnO since the absorption of the hydroxide group at about 3400 cm
À1
decreases and shis blue. By annealing at 160 C, the monolayer ZnO lm has no essential hydroxyl groups and is transformed into ZnO phase. Fig. 3 shows that the absorption of hydroxide and acetate groups appears again in the 5-layer ZnO lm (repeating the ZnO monolayer fabrication process 5 times). This also conrmed that the solution-processed ZnO lm has surface groups of hydroxide and acetate, as Fig. 2 shows.
Reactions between perovskite precursor solution and the ZnO lm in ambient air
Interestingly, the ZnO lm is very sensitive to the PRV precursor solution, which is made of MAI, PbI 2 , DMSO and DMF. We found that the PbI 2 , DMSO and DMF are friendly to the ZnO lm (see ESI Fig. S1 (a) †), but the MAI could etch off the ZnO lm from the ITO substrate (see ESI Fig. S1(b) †) . This etching effect could be clearly determined from Fig. 4 . Fig. 4(a) , shows that the perovskite precursor solution was dropped onto the ZnO lm (the ZnO lm was not fully covered), and then the spin-coating process started, which was the so-called "static" spin-coating process. Aer carefully washing with acetone and IPA, a little ZnO lm was le on the ITO substrate, but most of the ZnO layer was etched off the ITO substrate. In Fig. 4(b) , before starting the spin-coating process, the surface of ZnO layer within the green form was covered with a drop of MAI solution.
There was some edge area of one small drop of MAI solution on ZnO lm, which was the multi-interface of MAI solution, ZnO lm, and air. Near this edge area, the etching effect of MAI was very clear on the ZnO lm. The reaction between MAI and ZnO lm was much more severe in the multi-interface area. We hypothesized that the enhanced reaction comes from the moisture. The H 2 O from air would heavily enhance the reaction between MAI and the ZnO lm, because the ZnO with the surface groups (see Fig. 1(c) ) easily starts the reaction. The hydroxide and acetate groups of ZnO lm could react with MAI solution, similar to those shown in eqn (2)- (4), when the moisture is involved, as shown in eqn (2), (4), and (6):
The reaction between MAI and ZnO lm was further studied with 0.1, 0.2, 0.6, and 1.0 M of MAI in DMF solution. The ZnO surfaces were heavily damaged when the concentration of MAI solutions was more than 0.2 M (see Fig. S2 in ESI †). The ZnO surface was not much changed when 0.1 M MAI solution was dropped onto and spread out on the ZnO lm. But the 0.2 M MAI solution spread out easily on the ZnO lm, and led to much absorption of moisture into the interface of ZnO and MAI, which enhanced the reaction of MAI and ZnO. During the spincoating process, the path of moisture from air to the interface became very short, and moisture was very easily absorbed on the surface, and enhanced the reaction of ZnO and MAI. In order to support the above hypothesis of the moisture effect, we performed several tests of the reaction of MAI and ZnO in a glovebox (H 2 O < 0.1 ppm), and found that the reaction was totally suppressed. Fig. 4(c) and (d) show the static spin-coating process and the dynamic spin-coating process of 1.0 M MAI solution on ZnO lms carried out in a glovebox. Interestingly, there was no damage to the ZnO surfaces for all the cases in the glovebox. Thus, it could be manifested that the reaction of MAI and ZnO was very limited, since the moisture was very low in the glovebox (H 2 O < 0.1 ppm). The reaction in ambient air was related to the moisture. Fig. 5 shows that the ZnO surface treated with MAI solution in air or glovebox were carefully studied by AFM images (AFM topography images are shown in Fig. S3 †) . ZnO surface with nano-ridge structure 34 was clearly found, compared with the ITO surface in Fig. 5(b) . The root mean square roughness (RMS) of nano-ridge ZnO surface is 5.5 nm, which is higher that of ITO surface of 3.2 nm. The reaction of MAI and ZnO in glovebox is substantially suppressed, since there is no difference in nanoridge ZnO surface topography or RMS values with or without MAI treatment, as shown in Fig. 5(f) . ( Fig. 5(a) (Fig. 5(e) ) and that in glovebox (Fig. 5(f) ), we can clearly conclude that the ZnO nano-ridges disappeared aer 1 M MAI treatment in air. Recalling all mentions above, we found that when it fabricated in the ambient air, the MAI of perovskite precursor solution has a strong reaction with the solutionprocessed ZnO lm.
Dynamic spin-coating process for efficient perovskite solar cells
We developed a special dynamic spin-coating process for the working PRV device, which could limit the reaction between the MAI and ZnO as much as possible. Fig. 6(a) shows the dynamic process. We rst started the spinning, and allowed it to reach the desired spin speed, before the PRV solution was dispersed onto the ZnO substrates. The perovskite solution was then dripped onto the spinning ZnO lm. At this moment, most of the PRV solution was spun off the ZnO lm, and a wet PRV lm was le on the ZnO. Aer 5 s, a CB washing treatment was carried out, which was dripping CB on the wet PRV lm before it turned turbid. The CB droplets led to the wet PRV lm immediately freezing the constituents. In this process, the MAI and PbI 2 crystallized together into the perovskite crystals, in which the MAI was frozen into the lattice site of the PRV crystals (as Fig. 1(c) shows) . The surface of the wet PRV lm was covered with CB, which was hydrophobic, and prevented moisture entering into the interface of MAI and ZnO. Then the CB was dried out of the wet PRV lm. Fig. 6(a) and (b) show the dynamic spin-coating process. Fig. 6(c) shows the clear effect on the V OC from static spin-coating to dynamic spin-coating. For the static case, the PRV solution was dripped onto the ZnO lm a few seconds before spin-coating (the static 5000 rpm in Fig. 6(b) ). The reaction between MAI and ZnO was very active aer more than ve seconds of PRV solution dwelling time, since the moisture was easily absorbed into PRV solution. The ZnO lm, as an electron transport layer and hole blocking layer in the PRV devices, was etched off aer the static spin-coating process. This would lead to a very low V OC , as Fig. 6(c) shows. But for the dynamic spin-coating process, in a very short time, the MAI was frozen into perovskite crystals with the CB washing treatment and the reaction of MAI and ZnO was limited. Aer the dynamic spin-coating process, the ZnO lm survived in the PRV device. Fig. 6(c) shows that PRV devices from dynamic spin-coating process have a good V OC of about 0.9 V. the concentration of PRV solution is increased from 40 to 50 wt%, the spin-coating speed for PRV lm shis from 5000 to 7500 rpm. This comes from the DMSO issue. Table 2 shows the recipes of PRV solutions for PRV devices. In the PRV solution, DMF is the main solvent, and DMSO the additive, which could form an adduct of MAI$PbI 2 $DMSO. 35 The adduct formation weakens the reaction of MAI and ZnO, which could save the ZnO layer much more. Thus, the ratio of MAI : PbI 2 : DMSO is set to 1 : 1 : 1. A washing window is set from the beginning of spinning to the wet PRV lm becoming turbid. When the concentration of the PRV solution increase to 50 wt%, the washing window shis from 14 to 16 s. More DMSO in the PRV solution makes the washing window shi more, because the DMSO will vaporize out aer the DMF during the spin-coating process since the vapor pressure of DMSO is 0.42 mmHg at 20 C, less than that of DMF of 2.7 mmHg. The longer time delay of the wet PRV lm on the ZnO layer before the CB washing treatment would increase the possibility of the reaction of MAI and ZnO, and absorption of moisture from the air. Counting all these issues, better PRV devices are achieved with increasing the spin-coating speed to 7500 rpm, and optimizing the ratio of MAI : PbI 2 : DMSO to 1 : 1 : 0.6. Fig. 7 (a) The current density-voltage characteristics of PRV devices with various solutions under illumination of AM 1.5G, 100 mW cm À2 . (b) The performance of PRV devices with various ZnO films that were thermal annealed at different temperature, before spin-coating the perovskite films. Fig. 7(a) and Table 1 summarize all the performance of PRV devices. The dynamic spin-coating process for PRV devices offers great advantage, compared with the static spin-coating process. Conserving the ZnO layer with the dynamic process greatly increases the performance of PRV solar cells. With increasing concentration of PRV solution, PRV device gets thicker active layer and its J SC increases from 13.4 to 18.67 mA cm À2 . Also, the V OC and FF increase a little. Increasing the concentration of PRV and adjusting the proper washing window almost doubled the PCE of PRV devices, from 6.67% to 11.23%. In order to clearly determine the reaction of MAI and ZnO layer, the thermal annealing effect on ZnO before depositing the PRV lm was studied, as shown in Fig. 7(b) . The performance of PRV devices increased sharply when the ZnO layers were annealed from 100 to 160 C. Since the decomposition temperature of zinc hydroxide is at 125 C, we imply that aer thermal treatment at 160 C, the main component of the wet
Efficient perovskite solar cells with improved interface of ZnO/perovskite materials
ZnO lm is converted from Zn(OH) 2 to ZnO. Because the bonding of Zn ion and MEA is hydrogen bonds, and very weak, breaking down at about 100 C, we believe that most of the wet ZnO lm transforms to dense ZnO lm from the decomposition of Zn(OH) 2 . This conversion from Zn(OH) 2 is consistent with the FTIR results.
Conclusions
It is found that the low-temperature solution-processed ZnO lm has surface groups of hydroxide and acetate. And there are strong reactions of MAI and the ZnO lm when they meet under moisture in ambient air. For suppressing the reactions and fabricating efficient solution-processed ZnO-based perovskite solar cells, a simple and novel dynamic one-step spin-coating process was developed. The CB washing treatment isolated the wet perovskite lm from moisture. When the MAI and PbI 2 immediately crystallized together into the perovskite crystals, the MAI might be frozen into the lattice site of the PRV crystals. Thus, the interface of PRV lms and the ZnO was improved a lot and the perovskite solar cells worked efficiently. Increasing the concentration of PRV solution from 40 to 50 wt% greatly improved the short-circuit current density of PRV devices. The PRV solar cells had an average PCE of 11.23%, with J SC ¼ 18.67 mA cm À2 , V OC ¼ 0.91 V, and FF ¼ 0.66. These results are expected to guide the development of perovskite solar cells that are capable of ease-of-fabrication, and low-temperature processing, and offer high device performance.
